0.30) prepared by crystallization from glass are investigated. The Ba 12x Ca x Ti 2 O 5 compounds with x , 0.10 are thermally stable phases, while those with x $ 0.10 are metastable phases. The ferroelectric transition temperature drastically decreases from 470 to 2206C with increasing x. Crystal structure analyses reveal that one of two possible Ba sites is occupied by Ca in the stable phase region, while Ca-site selectivity is broken in the metastable phase region. The Ca-site selectivity introduces local distortion and makes the crystal lattice unstable. However, the local distortion is suppressed by the occupancy of Ca into both Ba sites. Accordingly, the metastable ferroelectric phase can be obtained beyond the substitution limit of Ca by crystallization from the glassy state. The stabilization mechanism provides possible wide control of the functionality of materials by expanding the composition range. . There are three types of TiO 6 octahedra and two Ba sites in the unit cell. Polarization occurs along the baxis direction. The temperature dependence of bond lengths between cations and neighboring oxygen revealed that the displacement of Ti1 from the center of Ti1O 6 along the b-axis is responsible for ferroelectricity 5, 6 . Although BaTi 2 O 5 can be utilized not only as a capacitor, a piezoelectric, but also for its non-linear optical properties, it readily decomposes and cannot be easily obtained as a single phase by a solid-state reaction 7 . This difficulty with synthesis seems to hinder the progress of research toward application.
S
ince the discovery of its ferroelectricity in 2003, BaTi 2 O 5 has attracted considerable interest because of its high ferroelectric transition temperature (T C ) of 470uC, high dielectric constant greater than 20000 in the vicinity of T C , and transparency to visible light [1] [2] [3] [4] [5] . The crystal structure of ferroelectric BaTi 2 O 5 is monoclinic C2 with crystal parameters of a 5 16.9086(1) Å , b 5 3.93552(3) Å , c 5 9.41498(8) Å , b 5 103.1006(5)u, and Z 5 6 6 . There are three types of TiO 6 octahedra and two Ba sites in the unit cell. Polarization occurs along the baxis direction. The temperature dependence of bond lengths between cations and neighboring oxygen revealed that the displacement of Ti1 from the center of Ti1O 6 along the b-axis is responsible for ferroelectricity 5, 6 . Although BaTi 2 O 5 can be utilized not only as a capacitor, a piezoelectric, but also for its non-linear optical properties, it readily decomposes and cannot be easily obtained as a single phase by a solid-state reaction 7 . This difficulty with synthesis seems to hinder the progress of research toward application.
In 2006, one of the simplest methods for preparing single-phase BaTi 2 O 5 was developed, where Yu et al. fabricated BaTi 2 O 5 glass by containerless processing and annealed it 8 . They found that BaTi 2 O 5 glass underwent three crystallization processes, in which two metastable phases (a and b) sequentially appeared at 721 and 745uC, respectively, followed by the crystallization of the stable ferroelectric phase (c) at 877uC. Single-phase ferroelectric BaTi 2 O 5 was obtained in several minutes only by annealing glass at around 1000uC. By using this high-quality single-phase sample, charge density distributions of BaTi 2 O 5 were investigated at room temperature, as well as above and below T C ; the results clearly indicated that the covalent bond nature between Ti1 and O1 along the baxis was strengthened below T C 6 . For a ferroelectric material to be widely applicable, it is necessary to control ferroelectric properties by element substitution. In the case of BaTiO 3 , a large amount of successful substitution engineering made BaTiO 3 a crucial component in the semiconductor industry. On the other hand, few reports exist about the effects of substitution on BaTi 2 O 5 . Ba 12x Sr x Ti 2 O 5 (0 # x # 0.12) prepared by arc-melting exhibited a slight decrease in T C 9 . KF-doped BaTi 2 O 5 synthesized by spark plasma sintering exhibited ferroelectric relaxor behavior 10 . In both cases, the substitution limit of x was rather small, reflecting the instability of the BaTi 2 O 5 crystal structure. Recently, single-phase ferroelectric Ba 0.96 Ca 0.04 Ti 2 O 5 was obtained by crystallization from glass 11 . Owing to a small amount of Ca substitution, the ferroelectric-phase-transition temperature was significantly lowered by 40uC, which is in complete contrast with the case of Ca substitution in BaTiO 3 . In addition, Rietveld analysis of synchrotron X-ray 
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diffraction data revealed that the Ca dopant settles at one of two Ba sites. The occupied site is the Ba1 (4c) site, which is surrounded by a rather distorted oxygen polyhedron, in comparison with the Ba2 (2b) site, as shown in Figure 1 12 . Recently, we reported that Ba 12x Ca x Ti 2 O 5 glasses could be obtained by containerless processing [13] [14] [15] [16] . The glass-forming region is wide and allows x values as high as 0.85. Thus, one can expect that by annealing these glasses, ferroelectric Ba 12x Ca x Ti 2 O 5 will crystallize over a wider x range. In this study, we report the crystallization of ferroelectric Ba 12x Ca x Ti 2 O 5 over a wide x range from glasses prepared by containerless processing. Thermal stability and dielectric properties of the ferroelectric phase were investigated. Crystal structure analysis using the Rietveld method was performed on the basis of the synchrotron X-ray diffraction profile, focusing on Ca-site selectivity. Ca-site selectivity was quantitatively evaluated by firstprinciples calculations. In addition, the local structure around the Ca dopant was investigated by Ca K-edge X-ray absorption near-edge structure (XANES) spectroscopy with the aid of first-principles calculations. Dielectric properties. Figure 2 shows the temperature dependence of the dielectric constant e9 of Ba 12x Ca x Ti 2 O 5 . The heat treatment conditions were 12 h at 1200uC for 0 # x # 0.07 and 10 min at 1000uC for 0.10 # x # 0.30. A characteristic peak at the ferroelectric transition temperature, T P , is observed for all compositions. The peak sharpness at T P strongly depended on the Ca content. A sharp peak is observed for the stable phase region (0 # x # 0.07), as shown in Fig. 2(a) , while broader peaks are observed for the metastable phase region (0.10 # x # 0.30), as shown in Fig. 2(b) . The inset of Fig. 2(a) plots the composition dependence of T P ; T P is found to monotonically decrease with increasing x. Compared to Srdoped BaTi 2 O 5 , the change in T P is greater. At x 5 0.05, T P decreases by 40uC for Ca-doped BaTi 2 O 5 , while it decreases by 10uC for Srdoped BaTi 2 O 5 . In the metastable phase region, T P decreases more drastically to 220uC at x 5 0.30. This variation in ferroelectric properties between the stable and metastable regions implies difference in their respective crystal structures.
Results

Heat
Crystal structure analysis. Figure 3 shows the synchrotron X-ray diffraction profiles of Ba 12x Ca x Ti 2 O 5 (0 # x # 0.40). The heat treatment conditions were identical to those utilized for dielectric measurements. No second phase is identified up to x 5 0.20. A small amount of impurities is observed in the profile of x 5 0.30. The peaks of the higher Ca content regions are rather broad. This is probably because of the suppression of crystal grain growth caused by lower annealing temperatures and shorter annealing times. The extent of crystallinity is considered to be one of the reasons for the broadening of T P . At x 5 0.40, the broad profile prohibits the identification of the crystallized phases. Rietveld analysis was performed on the assumption of the C2 space group at x # 0.07. At x 5 0.10, the distortion of the Ti1-O6 octahedra is rather small, and therefore, the space group is similar to C2/m. At x 5 0.20 and 0.30, Rietveld analysis cannot distinguish between C2 and C2/m. Nevertheless, the characteristic peak shown in Fig. 2 supports that the space group of the compound of x . 0.10 is certainly non-centrosymmetric C2. Figure 4 shows the composition dependence of the lattice parameters a, b, and c, the bond angle b, and the unit cell volume V. Although the lattice parameters a, b, and c linearly decreases with increasing x in both the stable and metastable regions, a discontinuity is observed at x 5 0.10. The lattice parameters a and b decreases over the entire x range; however, the lattice parameter c decreases with increasing x in the stable phase region, jumps at x 5 0.10, and then decreases with increasing x above 0.10. This discontinuity suggests the difference in the effect of Ca doping on the crystal structure between the stable and metastable phase regions. On the other hand, the V value gradually decreases as x increases to 0.30, suggesting that the Ca 21 ion, which has a smaller ionic radius than Ba 21 , certainly substitutes for the Ba 21 sites. The ratio of the change in the lattice parameter, Dl/l, is also shown in Fig. 4 , which is calculated from the equation (l x 2 l 0 )/l 0 , where l 0 corresponds to the lattice parameters a 0 , b 0 , and c 0 of BaTi 2 O 5 , and l x corresponds to those of Ba 12x Ca x Ti 2 O 5 . It is apparent that the change of the lattice parameter b is greater than those of the lattice parameters a and c. Large changes in ferroelectric properties are attributed to a large change in the lattice parameter b, because the Ti-O bond length along the baxis is considered to be responsible for ferroelectricity in BaTi 2 O 5 . Figure 5 plots the change of T P as a function of the lattice parameter b. The linear relationship between T P and the lattice parameter b is apparent.
XANES spectra. Figure 6 shows the Ca K-edge XANES spectra of Ba 12x Ca x Ti 2 O 5 and CaTiO 3 . The calculated spectra are also shown in the figure. First, the Ca K-edge XANES spectrum of CaTiO 3 was investigated as a reference to examine the validity of the calculations of the Ba 12x Ca x Ti 2 O 5 XANES spectra. The experimental spectral fine structure is well reproduced by calculation. The main resonance appears at 4050 eV, corresponding to the main 1s R 3p transition. It should also be noted that the transition energy can be best reproduced with a relatively small error of DE 5 213.4 eV (DE/ E 5 0.33%). In the case of Ba 12x Ca x Ti 2 O 5 , the changes in the spectra clearly depend on the composition, indicating that the local structure of the Ca dopant changes with increasing x.
Discussion
The discontinuity of crystal parameters between the stable and metastable regions implies a difference in the mechanism by which Ca is doped into BaTi 2 O 5 . As revealed in our previous study for , for the stable phase, the site occupancy of Ca at the Ba1 (4c) site is g(Ca1) 5 0.056(1), while at the Ba2 (2b) site, it is g(Ca2) 5 0, indicating that Ca selectively occupies the Ba1 (4c) site. The composition dependence of g(Ca1) and g(Ca2) is shown in Figure 7 (a). The site occupancy g(Ca1) monotonically increases with increasing x, while g(Ca2) is zero in 0 # x # 0.7; however, it increases in the metastable phase region. This indicates that Ca-site selectivity exists in the stable phase region, but it is broken in the metastable region.
The apparent correlation between Ca-site selectivity and the phase stability of Ca-doped BaTi 2 O 5 can be explained as follows. When the amount of Ca is small, Ca occupies the Ba1 (4c) site. Then, local distortion increases with increasing Ca content. Thus, phase stability decreases, and the ferroelectric phase cannot be obtained as a stable phase for x $ 0.10. The relatively large difference in the ionic radii between Ca and Ba causes a larger local distortion and makes the BaTi 2 O 5 phase unstable. On the contrary, by crystallization from glass, even a thermally metastable phase can be formed. In the metastable phase, Ca can occupy the Ba2 (2b) and the Ba1 (4c) sites, which in turn suppresses local distortion as compared to the case with Ca site-selectivity. If site selectivity were to be completely eliminated, g(Ca2) should be equal to g(Ca1). However, g(Ca1) is always greater than g(Ca2), and although g(Ca2)/g(Ca1) increases in the metastable phase region, it does not reach 1, as shown in Figure 7 (b). The observed differences between g(Ca1) and g(Ca2) indicate that a slight site preference still exists in the metastable region.
Formation energy calculations confirm the quantitative reasonability of site selectivity within the low Ca content region. The formation energy for the substitution of Ca in the Ba1 (4c) site is lower than that for the Ba2 (2b) site by 0.57 eV, suggesting that Ca occupies the Ba1 (4c) site, thereby making the crystal structure more stable than in the case of the Ba2 (2b) site. Figure 8 shows the optimized crystal structures. The optimized crystal structure of BaTi 2 O 5 indicates that the Ba environment is spatially larger at the Ba1 (4c) site than at the Ba2 (2b) site. Accordingly, the atomic position of Ca at the Ba1 (4c) site slightly shifts toward open space, and the bond length between Ca and surrounding oxygen becomes 2.5 , 3.0 Å , which is close that in CaTiO 3 , 2.8 Å . On the other hand, the atomic position of Ca at the Ba2 (2b) site is basically same as that of Ba and thus it forms wider variety of Ca-O bonding, 2.2 , 3.3 Å . This suggests that Ca-site selectivity occurs because the environment of the Ba1 (4c) site has space to relax the local structure, thereby allowing for a decrease in the formation energy after substitution by Ca as compared to the Ba2 (2b) site. However, with increasing x, structural distortion increases around the Ca dopant at the Ba1 (4c) site, and the stability of the crystal structure decreases. As a result, over x 5 0.10, the distorted structure caused by Ca-site selectivity cannot be maintained.
As shown in Fig. 6 , the XANES spectra at a higher Ca content contains a sharp peak, while at x # 0.07, the spectra is broad. Compared to the calculated XANES spectra in the case where Ca occupies the Ba1 (4c) and the Ba2 (2b) sites, the spectra of x # 0.07 are similar to that of the Ba1 (4c) site, while at x $ 0.10, the spectra are similar to that of a mixture of Ba1 (4c) and Ba2 (2b) sites. These results strongly support that Ca-site selectivity is suppressed for x $ 0.10 and that both Ba sites are occupied by the Ca dopant.
In summary, ferroelectric Ba 12x Ca x Ti 2 O 5 (0 # x # 0.30) compounds were prepared by crystallization from glass. The compounds with x , 0.10 are thermodynamically stable, while those of x $ 0.10 are metastable. As x increases, the ferroelectric transition temperature drastically decreases to 220uC in the metastable region. The structural parameters obtained from synchrotron X-ray diffraction measurements, as well as ferroelectric properties, discontinuously change, crossing the boundary between the stable and metastable phase regions. Rietveld analyses revealed that Ca occupies one of two Ba sites in the stable phase region, while Ca-site selectivity was broken in the metastable phase region. First-principles calculations of the formation energy support Ca-site selectivity in the lightly doped region. Furthermore, Ca K-edge X-ray absorption near-edge structure spectra experimentally and theoretically demonstrated that the local structure around Ca changed depending on Ca-site selectivity. These results indicate distortion of the local structure around the Ca dopant in the stable region and decrease in the phase stability with increasing Ca content under conditions of Ca-site selectivity. On the other hand, by crystallization from the thermally non-equilibrium glassy state, Ca can occupy both Ba sites, thereby suppressing local structural distortions that cause decomposition at a higher Ca content. The strong correlation observed between Ca-site selectivity and phase stability indicates that there are various thermodynamically comparable phases in the composition of Ba 12x Ca x Ti 2 O 5 . As a result, these phases can be obtained by adjusting their energy balance using various synthetic approaches. The proposed stability mechanism via crystallization from glass provides the possibility to produce functional materials over a wide composition range.
Methods
Sample preparation. High-purity BaCO 3 , CaCO 3 , and TiO 2 powders were stoichiometrically mixed in the composition of Ba 12x Ca x Ti 2 O 5 (0 # x # 0.40). The mixed powders were sintered at 1000uC for 12 h in air. Sintered samples weighing approximately 10-20 mg were used as targets in an aerodynamic levitation (ADL) furnace. A 100-W CO 2 laser was applied to the melt. The melt was levitated by oxygen gas. The details of the ADL technique are described in previous reports [13] [14] [15] [16] . For all compositions, glass formation was confirmed by X-ray diffraction measurements with Cu Ka radiation. The chemical composition of glasses was analyzed by energydispersive X-ray fluorescence spectroscopy (Rigaku XRF JSX-3100RII). The deviation of the resulting composition from the target composition was less than 0.2%. Depending on the glass composition, the diameter of the spherically shaped solidified glasses was approximately 1.2-3.5 mm. With increasing Ca content, glass stability was enhanced, and larger-sized glass samples were obtained 15, 16 . The spherical glasses obtained were annealed above 1000uC and then crystallized. Although the appropriate heat treatment conditions for the crystallization of the ferroelectric phase were varied with chemical composition, Ca-doped BaTi 2 O 5 was obtained in the range of x up to 0.40, which was confirmed by X-ray diffraction measurements with Cu Ka radiation.
Dielectric property measurement. The temperature dependence of the dielectric properties of Ba 12x Ca x Ti 2 O 5 was measured using an impedance analyzer with ac frequencies up to 1 MHz. Both sides of the crystallized spherical glasses were sliced to form a 0.5-mm-thick disk. Gold electrodes were sputtered on both faces, and silver paste used to connect silver wires to the electrodes. The temperature was increased to 700uC at a rate of 2uC/min under oxygen gas.
Crystal structure analysis. To obtain the crystal structure parameters of Ba 12x Ca x Ti 2 O 5 , synchrotron X-ray powder diffraction measurements were carried out using a large Debye-Scherrer camera with an imaging plate installed at BL02B2 in SPring-8 17 .
To obtain homogeneous intensity distribution in the Debye-Scherrer powder ring, the annealed samples were ground in an agate mortar, and a powdered sample having homogeneous granularity was prepared by the precipitation method. The powdered sample was sealed in a quartz capillary with an internal diameter of 0.2 mm. The synchrotron radiation energy was 25 keV (l 5 0.49499(5) Å ). Rietveld analysis was applied to the diffraction intensity data in the range of sin h/l , 0.96 Å Formation energy calculation. The formation energies of the two structural models of Ca-doped BaTi 2 O 5 were evaluated by first-principles calculations. In one structural model, Ca occupies the Ba1 (4c) site, while in the other, it occupies the Ba2 (2b) site. In the calculations, a supercell consisting of 1 3 3 3 1 optimized unit cells was employed. Structural optimizations were performed by employing the projectoraugmented wave method 18 , implemented using the VASP code [19] [20] [21] . A Ca ion was doped into a Ba site in the constructed supercell, and the local structure around the Ca dopant was optimized under fixed volume conditions until the residual force decreased below 0.05 eV/Å . The C-point was selected for k-point sampling. The generalized gradient approximation proposed by Perdew-Burke-Ernzerhof (GGA-PBE) was used as an exchange-correlation functional, and the plane-wave cutoff energy was set to 350 eV [22] [23] [24] .
Local structure analysis. The local structure around the Ca dopant was investigated by Ca K-edge XANES spectroscopy by a combination of experiment and simulation. The experimentally obtained XANES spectra of Ca-doped BaTi 2 O 5 were acquired in the fluorescence-yield mode using synchrotron radiation from a bending magnet of the 1.4-GeV storage ring at BL11 in SAGA Light Source 25, 26 . The spectra were measured with a fixed-exit double-crystal monochromator employing Si (111) planes and a rhodium-coated bent cylindrical mirror. An ionization chamber filled with a mixed gas of 70% He and 30% N 2 was inserted into the optical path to monitor photon flux. The emitted X-ray fluorescence from the specimens was measured by a silicon drift detector. As a reference, the spectrum of CaTiO 3 was also obtained in the fluorescence-yield mode. All measurements were performed in air at room temperature.
Simulation of XANES spectra. Simulations of Ca K-edge XANES spectra of Cadoped BaTi 2 O 5 and CaTiO 3 were carried out by using the full-potential linearized augmented plane wave plus local orbitals (APW1 lo) package, WIEN2k 27 . The optimized structures of the two models of Ca-doped BaTi 2 O 5 obtained by formation energy calculations were applied to the XANES spectra calculations. GGA-PBE was employed as an exchange-correlation functional. All electrons up to 2p, 2p, and 4d were treated as core electrons for Ca, Ti, and Ba, respectively, while only 1s electrons were treated as core electrons for O. The muffin-tin radius, R MT , was set to 1.7, 1.7, 1.55, and 2.5 bohr for Ti, O, Ca, and Ba, respectively. The product of the muffin-tin radius and the maximum reciprocal space vector K max , i.e., the plane-wave cutoff, R MT 3 K max , was fixed at 6.0 bohr Ry 1/2 . Relativistic effects were completely introduced for the core electrons by solving the Dirac equation, while valence electrons were treated within scalar relativistic approximations. The theoretical XANES spectra were obtained by calculating transition matrix elements between the core state and conduction bands. Core-hole effects were fully considered in the present calculations by removing one electron from the Ca 1s orbital of interest and putting one additional electron at the bottom of the conduction band. Nine k-points were selected for Brillouin-zone integrations. Each of the calculated spectra was broadened by a Gaussian function of C 5 1.0 eV full-width at half-maximum. The XANES calculation details are described elsewhere 28 .
